Introduction
Laser-induced plasma optical emission spectrometry (LIPS) is expected to be a promising technique for rapid analysis because of the quick response without any sample pretreatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] A pulsed laser-induced plasma (LIP) is produced when a Qswitched Nd:YAG laser is irradiated onto a sample surface in pulsed operation. Sample atoms are ejected from the surface due to laser ablation and are subsequently ionized and excited in the LIP; thus, this created plasma simultaneously works as an ionization/excitation source for atomic emission spectrometry.
The pulsed LIP has both spatial and temporal variations depending on various experimental parameters, such as the kind and the pressure of the plasma gas, which is generally called an expansion of the plasma plume. Time-resolved spectra emitted from the plasma thus yield useful information on the fundamental processes occurring in the LIP. It was reported that the emission zone varied with the progress of the plasma plume, which was strongly dependent on the nature of the plasma gas. The time-resolved measurement also provides key parameters for optimizing the experimental conditions in the emission spectrometric application, such as the delay time as well as the exposure time on the data acquisition. It is further known that laser-induced plasmas produced under an evacuated atmosphere have favorable features for emission analysis due to the relatively low fluctuation of the emission intensities as well as the high signal-to-background ratio; [11] [12] [13] [14] [15] therefore, the pressure of the plasma gas is an important parameter in the analytical applications.
Our previous paper reported on the time-integrated spectra of copper excited from a low-pressure LIP (LP-LIP) when several plasma gases were used. 16 This indicated that the observed intense ionic lines were also found in the spectrum from a glow discharge plasma (GDP), implying a similarity in the excitation mechanisms between in LP-LIP and in GDP. 16 More recently, we have suggested the excitation mechanisms of some particular copper emission lines excited by an argon LP-LIP by using both the time-integrated and the time-resolved measurements, 17 indicating that the excitation processes are different depending on their excitation energies. In the present work, we investigate temporal variations of the copper spectra in the wavelength regions of 210 -230 nm, 315 -335 nm, and 400 -420 nm in more detail, where various types of copper emission lines can be observed, in order to confirm the excitation mechanisms described in a previous paper.
17

Experimental
A laboratory-made chamber having vacuum-sealed ports was employed so that the chamber could be evacuated and then the plasma gas pressure could be strictly controlled during the measurement. 18 A Nd:YAG laser (LOTIS TII LS-2135, Japan) was employed at a wavelength of 532 nm (SHG mode). The laser having an energy of 40 mJ/pulse was irradiated on the sample surface (spot size of about 0.7 mm in diameter). A pulse duration of about 10 ns and a repetition rate of 10 Hz were employed. A spherical lens with a 200-mm focal length was used to focus the laser pulses onto the target surface. Highpurity copper plates (99.999%) were used as the sample. The sample plate was polished with water-proof abrasive papers and then fixed at the sample port of the chamber. After the surface was cleaned using the first 100 laser shots, the emission signal was accumulated in the detector during the next 10 shots and averaged on a personal computer.
High-purity argon (99.9995%) was introduced as the plasma gas after evacuation of the chamber below 7 Pa. The pressure was monitored with a Pirani gauge (GP-2, ULVAC Corp., Japan) and a capacitance manometer (MK 113B- A laser-induced plasma generated with a pulsed Nd:YAG laser under evacuated conditions has complicated structures both temporally and spatially. The time-resolved spectra of copper in three different wavelength regions were observed in detail for elucidating the excitation mechanisms of many atomic/ionic copper emission lines. The emission intensities of copper emission lines, measured in a time-resolved mode, were strongly dependent on the kind of copper lines: ionic or atomic lines, and their excitation energies. Generally, copper ionic lines were rapidly decayed and dominantly emitted from the initial breakdown zone, because the copper ions requiring larger excitation energies were produced mainly in the hot breakdown zone. On the other hand, the atomic lines were emitted during prolonged periods, implying that they could also be excited in the expanded plasma zone. The excitation phenomena occurring in the laser-induced plasma could be better understood by analyzing the time-resolved copper spectra.
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the evacuation port and a rotary vacuum pump (GLD-166, ULVAC Engineering Inc., Japan). The energy of the pulsed laser was measured using a thermopile absorber head and a laser power/energy monitor (OPHIR JAPAN 3A-P-CAL, NOVA, Japan).
Emission signals, collected directly by an optical fiber, were measured on a spectrograph (Solar TII MS-3504, Japan) equipped with an intensified charge-coupled device detector (ICCD) (Model DH 501, Andor Technology, USA). The spectral resolution was about 0.1 nm when the slit width was set at 30 μm. The optical fiber was placed in front of the observation window of the chamber, so that the observation point was about 5 mm above the sample surface. The distance between the fiber port and the plasma plume was set to be 45 mm. The numerical aperture of the fiber optics was 0.22 and the acceptance angle was about 12.5 degrees. This arrangement allowed a whole plasma image to be observed over the range of 0 -15 mm height above the sample surface and to have a spatially-integrated spectrum. A series of time-resolved spectra were monitored at an interval of 0.24 × 10 -6 s (gate width) after any delay time in the range of 0.36 × 10 -6 -5.0 × 10 -6 s.
Results and Discussion
The laser-induced plasma is produced by discontinuous irradiation of a pulsed Nd-YAG laser onto a sample surface. As schematically shown in Fig. 1 , the plasma is temporally and spatially changed within each laser shot. Following a gas breakdown caused by the laser irradiation, an initial breakdown plasma is first built on the surface and then a plasma plume expands towards the gas region. In the initial plasma, the hot and condensed gaseous body comprises energetic gas species, fast electrons, and sample atoms ablated from the surface, leading to intense emissions through their collisional excitations. In the plasma plume, excited species of the plasma gas having kinetic and/or internal energies, which are produced principally in the breakdown region, provide energies to excite the sample atoms. Fewer electrons leave along with the expansion of the plasma plume because the recombination of electrons occurs rapidly. However, it is possible to excite the sample atoms through collisions with energetic gas species, which are called metastable states, even during the expansion of the plasma plume. The pressure of the plasma gas is a predominant experimental parameter for determining the interaction between energetic particles from the initial breakdown region and the surrounding gas species working as an energy receiver. It is thus considered that the optimization for the gas pressure should be performed in LP-LIP. Figure 2 shows variations in the time-resolved LP-LIP spectra of copper in the wavelength region of 210 -230 nm as a function of the delay time after laser breakdown. They were measured at an argon pressure of 1300 Pa (10 Torr). Table 1 lists sensitive emission lines appearing in this wavelength region, indicating that there are lots of copper ionic lines assigned to two different electronic transitions: the 3d 9 4p-3d 9 4s transition and the 3d 9 4d-3d 9 4p transition of copper ion. The latter transitions require larger excitation energies (14.1 to 14.8 eV) compared to the former transition (8.2 to 9.4 eV). 18 It is clear from Fig. 2 that the 3d 9 4p-3d 9 4s transition of copper ion gives more intense emission lines. The time-resolved spectra are characterized by rapid and uniform reduction in the emission intensities, resulting in intensity drops down to almost zero at a delay time of more than 3.0 × 10 -6 s. The tendency seems to be almost independent of their transitions; however, the emission lines resulting from the 3d 9 4d-3d 9 4p transition are decayed slightly more rapidly than those from the 3d 9 4p-3d 9 4s transition. For instance, the ratio of the emission intensity at the delay time of 2.0 × 10 -6 s to 0.44 × 10 -6 s is estimated as follows: 0.03 for Cu II 223.008 nm (14.62 eV) and 0.03 for Cu II 219.567 nm (14.43 eV) compared to 0.11 for Cu II 219.226 nm (8.49 eV) and 0.13 for Cu II 224.699 nm (8.24 eV). These results are because the excited species of copper ion are produced mainly in the initial breakdown zone due to collisions with highly-energetic particles such as fast electrons. The number density of these particles having sufficient kinetic energy to excite their excited levels should decrease along with the plasma expansion, which explains the reason why the Cu II lines requiring larger excitation energies are decayed more rapidly. Some emission lines are still found in these spectra even when the delay time exceeds 3.0 × 10 -6 s; most of them are identified to atomic emission lines having large excitation 1012 ANALYTICAL SCIENCES JULY 2006, VOL. 22 energies, and thus their excitation processes are different from the ionic lines, as again discussed in Fig. 4 . It is further found that, differing from the other ionic lines, Cu II 224.400-nm and Cu II 229.436-nm lines are emitted at prolonged periods, which could be explained by the charge transfer collision (see Eq. (4′)), as already indicated in our previous paper.
17 Figure 3 shows variations in the time-resolved LP-LIP spectra of copper in the wavelength region of 315 -335 nm as a function of the delay time after laser breakdown. These spectra comprise two copper atomic resonance lines: Cu I 324.753 nm and Cu I 327.396 nm, and some weak copper atomic lines having large excitation energies (see Table 1 ). The emission intensities of the resonance lines gradually decrease along with the delay time; however, the emission lines can still be observed at a delay time of 5.0 × 10 -6 s, unlike in the case of the Cu II lines shown in Fig. 2 . This observation indicates that these atomic emission lines can also be excited in the expanded zone of the plasma. Because the excitation energy for the atomic resonance lines: 3.82 eV for Cu I 324.753 nm and 3.79 eV for Cu I 327.396 nm, is small, excitation to the corresponding excited levels would be possible through various processes, including direct collisions with energetic particles produced with the progress of the plasma expansion or step-wise deexcitations from highly-excited species of copper atoms/ions. Figure 4 shows the variations in the time-resolved LP-LIP spectra of copper in the wavelength range of 400 -420 nm as a function of the delay time.
These spectra consist of atomic/ionic lines of argon and some copper atomic lines having an excitation energy of 6.87 eV, as summarized in Table  1 . The ionic lines of argon (Ar II) predominantly appear just after laser breakdown and then almost disappear at a delay time 1013 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Wavelength/nm of 1.0 × 10 -6 s, whereas the copper atomic lines such as Cu I 406.263 nm in this wavelength range are found at a delay time of more than 1.0 × 10 -6 s. This result implies that the Ar II lines can be excited only in the initial breakdown plasma while the Cu I lines are almost excited in the expansion zone. Apart from the Ar II lines, the argon atomic lines such as Ar I 420.064 nm yield a different dependence of the emission intensity, as shown in Fig. 4 . The emissions of these Ar I line are not only from the breakdown zone but from the expansion zone, where the corresponding excited species of argon atom would be produced through the recombination process of ionic argon species.
The time-resolved emission profile follows variations of the plasma where different major excitation processes might appear within a single plasma plume. A hot breakdown zone is produced near the sample surface immediately after laser irradiation (see Fig. 1a ). Because of direct coupling with the laser having a huge power for a very short time, the sample material is ablated and then excited and ionized through various collisions among highly-energetic particles in the breakdown zone. If the sample is pure copper in an argon LP-LIP, the following reactions can be considered:
Ar ⎯→ Ar + ⎯→ Ar Z+ .
Also, various recombination reactions take place more dominantly with the progress of the plasma expansion, for example;
Cu + + e -⎯→ Cu* + ΔE.
These reactions produce excited species of argon and copper, denoted by Ar* and Cu*. These species emit characteristic radiation as well as the electron-ion recombinations yield continuum background over a wide wavelength range. On the other hand, these excited species are also produced through direct collisional excitations within the plasma plume, for example;
Ar + e -(fast) or M(fast) ⎯→ Ar* + e -(slow) or M(slow), (3) Cu + e -(fast) or M(fast) ⎯→ Cu* + e -(slow) or M(slow), where e -(fast) and M(fast) denote an electron and a particle having enough kinetic energy to excite Ar and/or Cu, respectively. The resulting excited species also contribute to the characteristic emission lines. The plasma plume zone expands upward, which results in an expansion zone of the plasma (see Fig. 1c ). The behavior of the expanded plasma in LP-LIP varies largely by the kind and the pressure of the plasma gas: under high vacuum conditions, the zone cannot be expanded so widely due to the smaller collision probability, while the expansion zone is quenched more by the surrounding gas with increasing gas pressure. Therefore, an appropriate range of the plasma gas pressure should be considered in order that collisional excitations can be caused in the plasma plume. The number density of highly-energetic particles decreases as the plasma plume is expanding, and also the number density of electrons rapidly decreases in the plasma plume; therefore, any excitations through the first-kind collision, as indicated in Eq. (3), take place less actively. Instead of the energetic particles, particular excited states having a long lifetime can survive in the expansion zone. The 4s-metastable atom and the ground-state ion of argon have long lifetimes and thus give their internal energies to ionize and/or excite copper atoms in the plasma. They are called the secondkind collision, as follows: Cu + Ar m ⎯→ Cu + + e -+ Ar g ,
Cu + Ar + ⎯→ (Cu + )* + Ar g , ( 4 ′) where m and g denote the metastable and ground state, respectively. Equation (4′) is known as a charge-transfer collision. 19 Also, copper atomic lines requiring small excitation energies can be emitted through various de-excitation processes such as a stepwise de-excitation process (Eq. (5)) and a recombination collision (Eq. (6)):
Cu* 1 (higher excited level) + hν ⎯→ Cu* 2 (lower excited level),
Cu + + e -(secondary) ⎯→ Cu* (excited).
As can be seen in Table 1 , the Ar II lines require higher excitation energies (plus the ionization energy of argon atom). It is likely to consider that they are emitted mainly from the initial breakdown zone, where highly-energetic particles including fast electrons are produced by coupling with the laser irradiation energy. These argon ionic species could be produced through collisions with highly-energetic particles in the breakdown zone, as indicated in Eq. (1); therefore, their emission spectra could be observed at shorter delay time, as shown in Fig. 4 . Also, excitation of the Cu II lines occurs 1014 ANALYTICAL SCIENCES JULY 2006, VOL. 22 dominantly in the initial breakdown zone, whereas the second kind of collisions (Eq. (4)) as well as the direct collisions in the plasma plume (Eq. (3)) are minor processes for their excitations. On the other hand, the Cu I lines are emitted in the plasma plume and the expanded plasma. These excited levels of copper atom may also be created in the expansion zone of LP-LIP through recombination and de-excitation processes of highlyexcited copper species initially created in the breakdown zone, as indicated Eqs. (5) and (6) . which might explain the delay phenomena of the Cu I emission lines.
Conclusions
In a low-pressure argon laser-induced plasma, the emission intensities of copper emission lines, measured in the timeresolved mode, are strongly dependent on the characteristics of copper ionic or atomic lines and their excitation energy. Most of the copper ionic lines, identified to be both the 3d 9 4p-3d 9 4s and the 3d 9 4d-3d 9 4p transitions, are decayed with the plasma expansion more rapidly than the copper atomic lines. This result can be understood from the difference in the excitation processes, which are critical to their excitation energies.
